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Abstract
Anabolic androgenic steroids (AAS), synthetic testosterone derivatives that are used for ergogenic
purposes, alter neurotransmission and behaviors mediated by GABAA receptors. Some of these
effects may reflect direct and rapid action of these synthetic steroids at the receptor. The ability of
other natural allosteric steroid modulators to alter GABAA receptor-mediated currents is
dependent upon the phosphorylation state of the receptor complex. Here we show that
phosphorylation of the GABAA receptor complex immunoprecipitated by β2/β3 subunit-specific
antibodies from the medial preoptic area (mPOA) of the mouse varies across the estrous cycle;
with levels being significantly lower in estrus. Acute exposure to the AAS, 17α-testosterone (17α-
MeT), had no effect on the amplitude or kinetics of inhibitory postsynaptic currents in the mPOA
of estrous mice when phosphorylation was low, but increased the amplitude of these currents from
mice in diestrus, when it was high. Inclusion of the protein kinase C (PKC) inhibitor, calphostin,
in the recording pipette eliminated the ability of 17α-MeT to enhance currents from diestrous
animals, suggesting that PKC-receptor phosphorylation is critical for the allosteric modulation
elicited by AAS during this phase. In addition, a single injection of 17α-MeT was found to impair
an mPOA-mediated behavior (nest-building) in diestrus, but not in estrus. PKC is known to target
specific serine residues in the β3 subunit of the GABAA receptor. Although phosphorylation of
these β3 serine residues showed a similar profile across the cycle, as did phosphoserine in mPOA
lysates immunoprecipitated with β2/β3 antibody (lower in estrus than in diestrus or proestrus), the
differences were not significant. These data suggest that the phosphorylation state of the receptor
complex regulates both the ability of AAS to modulate receptor function in the mPOA and the
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expression of a simple mPOA-dependent behavior through PKC-dependent mechanism that
involves the β3 subunit and other sites within the GABAA receptor complex.

Keywords
Anabolic steroid; GABAA receptor; phosphorylation; PKC; medial preoptic area; inhibitory
postsynaptic current

Anabolic androgenic steroids (AAS) are synthetic derivatives of testosterone initially
developed for the treatment of chronic wasting diseases but whose use is now predominantly
illicit and for ergogenic purposes (for review, Basaria et al., 2010; Kanayama et al., 2010,
Wood and Stanton, 2012). Secondary to their potential to build muscle mass and enhance
athletic performance, AAS are known to impose significant changes on neural function and
on behavior, and such changes are recapitulated in animal models (for review, Clark and
Henderson, 2003; Wood 2008; Oberlander et al., 2012a,b). Many of the behavioral actions
of AAS arise with long-term exposure and involve signaling mediated by classical nuclear
hormone receptors. However, the AAS can also elicit rapid changes in neural function
through direct allosteric modulation of ion channels, in particular modulation of the GABAA
receptor, raising the possibility that even with prolonged exposure, rapid and non-genomic
actions may underlie some of the behavioral actions of these synthetic steroids (for review,
Henderson and Jorge, 2004; Henderson, 2007; Oberlander et al., 2012b).

Allosteric modulation of GABAA receptors by neurosteroids, naturally occurring derivatives
of progesterone, testosterone and corticosterone, is an extensively studied phenomenon (for
review, Vicini et al., 2004; Mitchell et al., 2008). The GABAA receptor is a target for a wide
range of kinases (for review, Tasker, 2000, 2004; Brandon et al., 2002; Song and Messing,
2005), and the phosphorylation state of the receptor (and/or the receptor and its associated
proteins) has complex, but significant, effects on the ability of the neurosteroids to modulate
the receptor. For example, phosphorylation mediated by protein kinase C (PKC) diminishes
the modulation of the GABAA receptor by neurosteroids that enhance currents (positive
neurosteroids) in spinal cord neurons of young rats of undetermined sex (Vergnano et al.,
2007), in pyramidal neurons of the piriform cortex of male rats (Kia et al., 2011), and in
supraoptic nucleus neurons of pregnant female rats (Brussaard et al., 1997; Koksma et al.,
2003). In contrast, PKC-dependent phosphorylation augments modulation by positive
neurosteroids in supraoptic neurons of young, male rats (Fáncsik et al., 2000) and in dentate
granule cells of young rats (of either sex) (Harney et al., 2003). Moreover, inhibition of PKC
has been shown to antagonize the ability of positive neurosteroids in the ventral tegmental
area to enhance lordosis; an effect likely reflecting a change in the modulation of GABAA
receptors in that area (Frye and Walf, 2008). PKC binds directly to the intracellular domains
of the β subunits and phosphorylates specific serine residues in these regions (serine 409 in
β1, serine 410 in β2 and serines 408/409 in β3) (Brandon et al., 1999, for review, Brandon et
al., 2002), suggesting that these may be key sites for PKC-dependent regulation of
neurosteroid modulation of the GABAA receptor.

In regions of the forebrain and hypothalamus, the sensitivity of the GABAA receptor to
neurosteroid modulation has also been shown to vary significantly with hormonal state (for
review, Brussaard and Herbison, 2000; Maguire and Mody, 2009; Smith et al., 2009). Such
differences in neurosteroid modulation have most often been associated with underlying
changes in the expression of specific GABAA receptor subunits. For example, the
insensitivity of supraoptic neurons in rats at the time of parturition to modulation by
allopregnanolone was initially attributed to a switch in the relative expression of α2 to α1
subunits (Brussaard et al., 1997), although this finding was later recanted (Koksma et al.,
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2005). Differences in the sensitivity across the estrous cycle of mPOA neurons to the
positive neurosteroids allopregnanolone and 3α-diol were suggested to correlate with the
expression of the ε subunit in this region (Jorge et al., 2002). The best characterized
relationship between subunit expression and neurosteroid sensitivity has been with regard to
the δ subunit. In the hippocampus and other forebrain regions, it has been proposed that as
neurosteroid levels rise over the estrous cycle, they upregulate the expression of δ subunits
(Shen et al., 2005; Maguire and Mody, 2007), thus creating a homeostatic mechanism
(Maguire and Mody, 2009) whereby these neurosteroids regulate their own impact by
altering the expression of the subunit that most strongly determines the sensitivity of the
GABAA receptor to their action (for review, Henderson, 2007; Mitchell et al., 2008). Such
neurosteroid-induced changes in δ subunit expression have also been proposed to
reciprocally regulate the sensitivity of forebrain regions to allosteric modulation by these
neurosteroids with other changes in hormonal state, such as puberty (Shen et al., 2007;
2010) and pregnancy/parturition (Maguire et al., 2009). While the preponderance of studies
implicate changes in subunit composition as a major mechanism underlying steroid-
dependent changes in sensitivity to allosteric modulators, Koksma et al. (2003) provide
evidence that steroid-dependent changes in sensitivity of GABAA receptors to neurosteroid
modulation can be elicited in juvenile males or postpartum females (cycling females were
not examined) by manipulating the activity of PKC, or serine/threonine phosphatases,
without changes in subunit composition. Taken together with studies demonstrating the
importance of phosphorylation in neurosteroid modulation (for discussion, Tasker, 2000;
2004), these data support the assertion that steroid-dependent changes in posttranslational
modification of the GABAA receptor may also be an important mechanism by which the
sensitivity of the receptor to allosteric modulation by neuroactive steroids varies with
hormonal state.

Although both neurosteroids and the AAS share a common core ring structure, there are
marked structural and functional differences between these two classes of steroid molecules.
In brief, the AAS lack key residues that are present in the positive neurosteroids that are
required for modulatory capacity of the neurosteroids; the AAS do not directly gate the
receptor (as do the neurosteroids); the two classes of steroids exhibit different mechanisms
of receptor gating; and they do not show parallel dependence on subunit composition
(Henderson, 2007; Oberlander et al., 2012a,b). Thus, one cannot extrapolate from studies of
the neurosteroids to know if phosphorylation of the receptor will have an impact on AAS
modulation, the structural basis for any effects of that phosphorylation on AAS modulation,
or its functional repercussions. Moreover, no studies have shown that the phosphorylation
state of the receptor varies with the natural changes in hormonal state, such as those that
occur during adolescence or in cycling females. Thus, the goals of the current study were
twofold. First, to determine if there are significant differences in the extent of
phosphorylation of the GABAA receptor complex between female and male mice prior to
the onset of puberty and in adult female mice over the course of the estrous cycle, and
second to determine if such differences alter the functional output of an identified population
of neurons in response to acute exposure to the AAS, 17α-MeT.

2. Experimental Procedures
2.1 Animals

C57Bl/6J mice were purchased from Jackson Laboratory (Bar Harbor, ME, USA) or were
obtained from an in-house strain on a C57Bl/6J background (Oberlander et al., 2012b).
Animals were group-housed (4/cage) with food and water ad libitum in a temperature-
controlled and 12 hr light cycle facility with lights on starting at 0700 hrs. Care was taken to
minimize the discomfort and the number of animals used, and all procedures were approved
by the Dartmouth College Institutional Animal Care and Use Committee and conducted in
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accordance with guidelines from the National Institutes of Health. Estrous cycle stages in
adult female mice were determined by daily vaginal lavage (Cooper, et al., 1993; Penatti, et
al, 2011). Experiments were performed on adolescent male and female mice from postnatal
day (PN) 38–42 and on adult females (>PN55).

2.2. Immunoprecipitation and Western blot analyses
2.2.1. Antibodies—Primary antibodies used in this study included a polyclonal antibody
directed against the β3 subunit of the GABAA receptor and a polyclonal antibody directed
against phosphorylated serine 408/serine 409 of the β3 subunit (Brandon et al., 2000;
Jovanovic et al., 2004), a monoclonal antibody directed against the β2/β3 subunits (AB
05-474; Millipore, Billerica, MA, USA), a rabbit polyclonal anti-phosphoserine antibody
(AB1603, Millipore) and a mouse monoclonal anti-phosphoserine antibody (05-1000,
Millipore). For Western blots, goat anti-rabbit secondary antibodies were obtained from
either Pierce Biotechnology Inc. (Rockford, IL, USA) or BioRad (Hercules, CA, USA). The
goat anti-mouse secondary was from BioRad.

2.2.2 Protein extraction and immunoprecipitation—Tissue was harvested from the
mPOA of adolescent male and female mice and from adult females during proestrus, estrus
and metestrus/diestrus. Tissue was lysed in 0.1 ml of lysis buffer (25mM Tris pH 7.5,
150mM NaCl, 5mM MgCl2, 1% NP-40, 5% glycerol, 0.001% TritonX-100, 1mM PMSF,
2mM NaF, and 1X Complete-mini (Roche, Indianapolis, IN, USA) protease inhibitor
cocktail, and protein concentration determined using a BCA Protein Assay (Pierce). Total
protein (200 μg) was immunoprecipitated (IP) with 10μg of AB 05-474 overnight at 4°C
with rotation. Protein G agarose (50 μL; Pierce) was then added to the antigen-antibody
complex and incubated for 2 hrs at 4°C with rotation. Subsequently, 500 μL IP buffer
(25mM Tris, 150mM NaCl; pH 7.2) was added, gently mixed, centrifuged for 3 min 2,500
μg (three times, with a final wash of 50μl dH20), and the supernatant discarded.
Electrophoresis loading buffer (5X: 300mM Tris, 50% glycerol, 5% SDS, 5% β-
mercaptoethanol, 0.2% bromophenol blue; 50μL) was added, the sample heated for 5 min at
95°C and re-centrifuged for 3 min at 2,500 μg. Immunoprecipitates (7 μL) were separated
by 7.5% SDS-PAGE and electrophoretically transferred to Immobilon-P membranes
(Millipore).

2.2.3. Western blotting—Two protocols for Western blots were used. The first protocol
was used for tissue from adolescent mice, as well as adult females; the second was used only
for adult females. In all experiments, membranes were blocked for 1 hr at room temperature
in 5% BSA/TBS, incubated in primary antibody overnight at 4°C and subsequently in
secondary antibody for 1 hr at room temperature. In the first protocol, phosphoserine signal
of the material immunoprecipitated by the β2/β3 antibody was detected with either the
AB1603 (1:5000) or 05-1000 (1:5000) antibody in 5% BSA/TBST and a secondary anti-
rabbit (Pierce; 1:5000) or anti-mouse (BioRad; 1:300,000), respectively, in 5% milk/TBST.
In the second protocol, signal corresponding to phosphoserine 408/409 of the β3 subunit of
the material immunoprecipitated by the β2/β3 antibody was detected with the polyclonal
antibody specifically directed against these phosphoserine residues (1:5000 in 5% BSA/
TBST) and with the secondary goat anti-rabbit antibody (BioRad; 1:200,000) in 1% BSA/
TBST.

For both protocols, membranes were washed three times for 5min in TBST (20mm Tris,
150mm NaCl, 0.1%Tween-20, pH7.4) before incubation with the secondary antibody and
again before chemiluminescent detection (SuperSignal West Femto Chemiluminescent
substrate; Pierce). Signals were visualized on autoradiographic film (Kodak, Rochester, NY,
USA), and densitometric measurements were obtained using a ChemiDoc™ XRS+System
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(BioRad). Membranes were subsequently stripped (30 min at 50°C in 70mM Tris (pH 6.8),
2% SDS, 0.1% β-mercaptoethanol), rinsed with TBS (20mm Tris, 150mm NaCl; pH 7.4),
blocked (3% BSA/TBST) and re-probed with the polyclonal antibody directed against the β3
subunit (1:5000 in 1% BSA/TBST).

2.3 Physiological recordings
Coronal sections (250μm) corresponding to the rostral portion of the mPOA (0.14 mm
Bregma) were prepared using an Electron Microscopy Sciences OTS-4000 vibroslicer. All
recordings were made according to protocols previously described (Penatti et al., 2010;
2011) between 1300 and 1800 hr at room temperature. Briefly, slices were superfused with
95%O2/5%CO2-saturated artificial cerebrospinal fluid (aCSF; in mM: 125 NaCl, 1.2 CaCl2,
10 glucose, 4 KCl, 1 MgCl2, 26 NaHCO3, 1.25 NaH2PO4, and 1 ascorbic acid; pH 7.4)
supplemented with 2mM kynurenic acid. Recordings were performed in the whole-cell
configuration at a holding potential (Vhold) of −70 mV. The pipette solution consisted of (in
mM): 153 CsCl, 1 MgCl2, 5 EGTA, and 10 HEPES, to which 2 MgATP was added just
prior to each experiment. The identity of synaptic currents as GABAergic was confirmed in
some experiments by demonstrating blockade of events by the selective GABAA receptor
competitive antagonist, bicuculline (20μM). Spontaneous inhibitory postsynaptic currents
(sIPSCs) were recorded for 5 min, followed by a wash-in of 1 μM 17α-MeT (Yang et al.,
2002; 2005; Clark et al., 2004) or 1 μM 3α-diol (5α-androstane-3α,17β-diol; Jorge et al.,
2002), a subsequent recording for 5 min, and then a 5 min washout of the AAS (and
subsequent recording). To record miniature IPSCs (mIPSCs), 1 μM tetrodotoxin (TTX;
Sigma) was added to the kynurenic acid-containing aCSF bath solution to block action
potential-dependent GABA release. In experiments to determine the effects of inhibiting
PKC, calphostin (20nM or 200nM in 0.01% DMSO; Sigma, St. Louis, MO, USA) was
added to the pipette solution (Kobayashi et al., 1989; Werner et al., 2011).

All physiological data was acquired and stored using a HEKA-EPC9 amplifier (HEKA
Instruments, Bellmore, NY USA). Averaged IPSCs were analyzed for peak current
amplitude (Ipeak), frequency, and decay kinetics (biphasic and fitted with two time constants,
τ1 and τ2) or with a single weighted time constant (τw). Recordings were only accepted for
analysis if the access resistance was < 25MΩ and Ihold did not change more than 10% during
the recording. In the majority of experiments, a single recording was made per slice
prepared from each animal, and no one animal within a given group disproportionately
contributed cells to the group averages.

2.4 RNA extraction, reverse transcription and quantitative real time PCR (qRT-PCR)
Real time PCR protocols were employed as described previously (Penatti et al., 2009).
Briefly, tissue from the mPOA was dissected and stored in RNAlater® (Ambion Inc., Austin
TX, USA) at −20°C. Total RNA was extracted according to the manufacturer’s protocol for
RNAqueous (DNase treated with TURBO DNA-free), and the concentration of the RNA
was determined by measuring the optical density at 260 nm. RNA was reverse transcribed
using material and protocols included in the High Capacity RNA-to-cDNA™ kit (Ambion).
Quantitative RT-PCR was performed using an AB 7500 Sequence Detection System, and all
cDNAs were analyzed in triplicate with TaqMan®Gene Expression Assays (ABI). Samples
with reverse transcriptase omitted were used to control for genomic DNA contamination and
with template omitted to control for any reagent contamination. The specific subunit
expression assays were: α1 (Mm00439046_m1), α2 (Mm00433435_m1), α5
(Mm00621092_m1), β1 (Mm00433461_m1), β2 (Mm00549788_s1), β3
(Mm00433473_m1), γ1 (Mm00439047_m1), γ2 (Mm00433489_m1), δ
(Mm00433476_m1), ε (Mm00489932_m1), and 18S rRNA (Hs99999901_s1). All gene
expression assays used were demonstrated to amplify with equal efficiencies. Data are
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expressed normalized to internal standard as 2−ΔCt values (Livak and Schmittgen, 2001;
Peirson et al., 2003).

2.5 Behavioral analyses
2.5.1 Nest building—Nest building behavior, a measure of thermoregulation controlled
by the mPOA, was assessed according to Deacon (2006a). Mice were placed in a clean cage
overnight with a 3g nestlet (a square piece of shreddable material) following injections of
either ~ 25 μL sesame oil or 17α-MeT (7.5 mg/kg in sesame oil). The next day, the built
nest was assessed on a scale of 1–5, (a score of 1 was no nest building observed, and a score
of 5 indicating a complete nest with walls taller than the mouse). The remaining, unshredded
nestlet was also weighed as a separate measure of nest building. Each mouse was initially
injected with oil and then tested. The next time that the mouse reached the same stage (either
estrus or diestrus), it received an injection of 17α-MeT and was re-tested.

2.5.2 Marble burying test—The marble burying test (MBT) was conducted to assess
defensive anxiety (Deacon, 2006b) using methods previously described (Njung’e and
Handley, 1991; Deacon, 2006b). Thirty minutes following a single injection of 17α-MeT or
oil, each mouse was placed in a clean cage with 5cm thickness of bedding and 18 marbles
(5.0g each) placed in an array of 3 × 6 over the extent of the cage. Mice were allowed to dig/
bury marbles for 30 min, before being removed. Marbles that were covered by bedding for
~2/3rd or greater of their surface were scored as 1. Marbles that were buried so that they
were completely hidden within the bedding were scored as 1.5. Mice were treated and
tested/re-tested as described above for nest building.

2.5.3 Elevated plus maze—The elevated plus maze used in these experiments consisted
of two open arms (38L×5W cm) and two closed arms (38L×5W×15H cm) extending from a
common central platform (5×5 cm) and elevated by 60 cm. The floor of the maze is dark
Plexiglas, with side and end walls of closed arms made from clear Plexiglas. Tests were
conducted under a dim, red light (4×60 W indirect) and the investigator was outside of the
room. Animals were brought to the testing room 1 hr before assays and injections were
made 30 min before testing. Tests were made for a period of 10 min and the apparatus was
thoroughly cleaned with 70% ethanol between each test. Behaviors were scored by the
observer in real time for arm entries and time spent in the open and closed arms and in the
center compartment. Observers were blind to the treatment condition of the animals.

2.6 Statistical analysis
Values are presented as means ± standard error. To test for normality, Shapiro-Wilks or
Kolmogorov-Smirnov tests were applied on the raw data. For qRT-PCR analysis, CT values
calculated as described (Penatti et al., 2009, 2010, 2011) and were defined as outliers when
they lay outside ± 3 standard deviations from the mean. Results were qualitatively the same
whether or not outliers were included in the final analysis. Differences in the relative
abundance of each mRNA between control and AAS-treated subjects were assessed using
Pair-Wise Fixed Reallocation Randomization© t-test using the Excel-based Relative
Expression Software Tool (REST©). Significance for all assays was determined by one-way
analysis of variance (ANOVA) followed by Fisher’s Least Significant Difference Test,
Student-Newman-Keuls test or a paired Student’s t-test, as appropriate. For all data, the
alpha level was set at p < 0.05.
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3. Results
3.1 Hormonal state-dependence of phosphoserine levels in the GABAA receptor complex

To determine if levels of serine phosphorylation of the GABAA receptor complex varied
with hormonal state, tissue isolated from the mPOA of adolescent male and female mice and
from adult females at different stages of the estrous cycle was immunoprecipitated with an
antibody directed against the β2/β3 subunit of the receptor. The precipitate was subsequently
assessed by Western blot analysis for the levels of phosphoserine, and that signal normalized
to the levels of the β3 subunit. All antibodies recognized a band of the appropriate size for
β3 or phosphorylated β3 (~58 kDa). No significant differences were evident in the levels of
phosphoserine between adolescent male and female mice (F1,13 = 0.05, p = 0.83; n = 6
females and n = 8 males) (Figure 1B).

Significant differences in the normalized signal for phosphoserine were evident in mPOA
tissue isolated from adult female mice in different stages of the estrous cycle (F2,22 = 5.35, p
< 0.01; Figure 1A,C), with the ratio being lower in the estrous phase than in either diestrus
(p < 0.001) or proestrus (p <0.05). No significant differences from across the estrous cycle
were observed in levels of any of the mRNAs encoding GABAA receptor subunits expressed
at appreciable levels in the mPOA (α1, α2, α5, β1, β2, β3, γ1, γ2, and ε; Figure 1E) or in the
δ subunit mRNA, which we found to be expressed at vanishingly low levels in the mPOA
(Figure 1E), consistent with previous studies (Wisden et al., 1992; Pirker et al., 2000; Penatti
et al., 2009). Overall, as levels of GABAA receptor mRNA and protein are in most cases
believed to be comparably regulated, these data suggest that there were not significant cycle-
dependent changes in the expression of subunits know to be targets for serine/threonine
kinases (for review, Brandon et al., 2002; Jovanovic, 2006) that may have contributed to the
observed differences in phosphoserine levels.

3.2 Acute modulation of GABAA receptor-mediated post-synaptic current by AAS is
dependent on estrous cycle stage

To determine if differences in the levels of serine phosphorylation of the GABAA receptor
across the estrous cycle were correlated with differences in the ability of the AAS 17α-MeT
(1 μM) to allosterically modulate the receptor, sIPSCs were recorded in acutely isolated
slices of the mPOA at estrus, a time when serine phosphorylation was low and diestrus, a
time when it was high. Estrus and diestrus were also chosen to focus on the potential
importance of 17β-estradiol (E2) as a regulator of PKC in the absence of the high levels of
progesterone and positive neurosteroids that are characteristic of proestrus (Freeman, 1994;
Reddy, 2012). One micromolar 17α-MeT was used since serum levels of AAS have been
estimated to reach micromolar concentrations in human subjects who chronically abuse
these steroids (Masonis and McCarthy, 1995; Wu, 1997), and evaluation of male volunteers
administered AAS in a clinical setting indicates that even moderate, short-term use can raise
AAS levels in CSF to as high as 0.9 μM (Daly et al., 2001). Thus, a 1 μM concentration
reflects a level believed to be present in those who illicitly self-administer these steroids, and
this concentration has previously been shown to elicit significant modulation of the GABAA
receptor (Yang et al., 2002; 2005; Jones et al., 2006).

The predominant GABAA receptor expressed in the mPOA is likely to contain either an α1
or an α2 subunit (Nett et al., 1999; Davis et al., 2000; McIntyre et al., 2002; Penatti et al.,
2005). Expression of α2 is preferentially localized to the soma and α1 is concentrated on
processes within this region (Penatti et al., 2005). In addition, pharmacological experiments
indicate that α5-containing receptors make a modest, but significant, contribution to whole-
cell GABA-evoked currents in mPOA neurons (Penatti et al., 2009). In the mPOA, γ1
mRNA is expressed at comparable levels to that of γ2, but substitution of a γ1 for a γ2
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subunit confers no notable difference in decay kinetics or on modulation by 17α-MeT
(Clark et al., 2004). Thus, currents recorded in mPOA whole-cell recordings are likely to
predominantly arise from α2βxγ1/2-containing receptors. Consistent with this assumption,
time constants of synaptic current decay found here were in agreement with the slower
kinetics observed with native or recombinant α2 (or α5) -containing receptors (for
discussion, Yang et al., 2002, 2005; Penatti et al., 2009) and with expression of high levels
of α2 and moderate levels of α5 in this region (Wisden et al., 1992; Pirker et al., 2000; Jorge
et al., 2002; Penatti et al., 2005, 2009; Figure 1E). Current decay kinetics were in agreement
with those reported previously for neurons within the mPOA for rats and mice of both sexes
(Haage and Johansson, 1999; Jorge et al., 2002; Penatti et al., 2005, 2009; Strömberg et al.,
2006, 2009). Moreover, as in previous studies, there was not an observable pattern of any
systematic variation in amplitude or kinetics of currents recorded in different mPOA cells.

The frequency, amplitudes, and decay kinetics of sIPSCs in the control recording conditions
were not different across the stages of the estrous cycle (Table 1). Addition of 17α-MeT
significantly (p < 0.01) increased the amplitude of the sIPSC in mPOA neurons of diestrous
mice (Table 1 and 2A; Figure 2A,C), but was without effect (p = 0.45) on sIPSCs recorded
from estrous mice (Table 1 and 2A; Figure 2E,G). The effect of 17α-MeT on sIPSC
amplitudes in diestrus was reversible upon washout of the AAS. Acute application of 17α-
MeT did not alter the frequency or the decay kinetics of sIPSCs in either stage. These results
are consistent with the known actions of this steroid on receptor subtypes likely to
predominate in the mPOA (Yang et al., 2005; Clark et al., 2004; vide supra). Recordings
made in the presence of 1 μM TTX to isolate mIPSCs demonstrated comparable
correlations: acute exposure to 17α-MeT significantly (p < 0.01) enhanced the amplitude of
mIPSCs during diestrus (Table 1 and Figure 2B,D), but had no effect on this parameter in
recordings made during estrus (p = 0.59) (Table 1 and Figure 2F,H). Moreover, as with
sIPSCs, there were no significant effects of application of this AAS on the kinetics of
mIPSC decay or on the frequency at either stage (Table 1). Taken together, these data
suggest that AAS elicit significant effects on the postsynaptic properties of the GABAA
receptor, but only during the diestrous phase when levels of phosphoserine are elevated.

3.3 Comparison of the modulatory effects of the AAS, 17α-MeT, and the androgenic
neurosteroid, 3α-diol

We had previously reported that the androgenic neurosteroid, 3α-diol, significantly and
reversibly enhanced the peak current amplitudes of GABAA receptor-mediated mIPSCs in
the mPOA of the female mouse at all three stages of the estrous cycle, with potentiation
being greater in diestrus than in estrus (Jorge et al., 2002). Assessment of the effects of 3α-
diol in the current study also demonstrated that this neurosteroid significantly potentiated the
peak current of sIPSCs in the mPOA of both diestrous (p<0.001) and estrous (p < 0.01) mice
(Table 2A); however while the percent increase in the peak of sIPSCs observed here was
greater in diestrus than in estrus, the difference was not significant (Table 2A).

3.4 Allosteric modulation of GABAA receptors by androgenic steroids is PKC-dependent
PKC consensus sequences are evident in several of the subunits that comprise the GABAA
receptor (for review, Brandon et al., 2002; Jovanovic, 2006). To directly determine if the
cycle-specific differences in the ability of 17α-MeT to modulate IPSC current amplitudes
were due to PKC-dependent phosphorylation, recordings of sIPSCs were made from
neurons of the mPOA of diestrous mice with the PKC inhibitor calphostin in the recording
pipette. In the presence of 200nM calphostin, a concentration previously reported to impose
~80% inhibition of PKC activity (Kobayashi et al., 1989) acute application of 17α-MeT no
longer elicited a significant enhancement of current amplitudes from mPOA neurons of
diestrous mice (Figure 3 and Table 2A). In contrast, the positive modulation elicited by 17α-
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MeT in the presence of 20 nM calphostin, a concentration reported to impose ~ 20%
inhibition (Kobayashi et al., 1989), was not significantly different from that of recordings
made in the absence of calphostin (Table 2B). Thus, inhibiting the preponderance of PKC
activity (estimated 80%) imposed a profile of AAS modulation in diestrus that mirrored that
observed in estrus when levels of phosphoserine associated with the GABAA receptor
complex are low. As noted above for recordings made in the absence of calphostin (Section
3.2), AAS application did not alter current decay or frequency of responses in the presence
of calphostin at either concentration.

We also compared the effects of calphostin (20 and 200 nM) on modulation elicited by 3α-
diol: As with 17α-MeT, 200 nM calphostin abolished the potentiation elicited by this
androgenic neurosteroid; in fact the responses were actually smaller than in control
conditions, albeit the difference was not significant (Table 2B). For 3α-diol, significant
potentiation was also abrogated by 20 nM calphostin (Table 2B), suggesting the dependence
of the allosteric response may be more sensitive to the extent of PKC-mediated
phosphorylation for this neurosteroid than for the synthetic AAS.

3.5 Acute AAS injection on diestrus significantly impaired an mPOA-mediated behavior
Having shown that AAS allosterically modulate neurons of the mPOA in a PKC-dependent
manner, we hypothesized the AAS might affect a naturalistic mPOA-dependent behavior in
a similar fashion. The mPOA is a multifunctional brain region, but key among its roles is
thermoregulation, and stimulation of GABAA receptors in mPOA increases thermogenesis
(Ishiwata et al., 2005; Zaretsky et al., 2006; Rusyniak et al., 2011). Nest building, in turn, is
a thermoregulatory behavior dependent upon activity in the mPOA (Deacon, 2006a). In oil-
injected mice, there were no differences in nest building scores between diestrous and
estrous mice or the amount of nestlet mass remaining at the end of the test (Figure 4A).
Following an acute injection of 17α-MeT injection, nest scores (p <0.04) were significantly
lower and the amount of nest material remaining was significantly higher (p <0.04) in
diestrous mice; however, AAS injection was without effect on either measure in estrous
mice (Figure 4A).

The mPOA is part of a broader circuitry that regulates anxiety-like (for review, Oberlander
and Henderson, 2012b) and locomotor (Hunt et al., 2010; Rusyniak et al., 2011) behaviors.
An acute injection of 17α-MeT had no significant effect on marble burying, a measure of
defensive behavior (Deacon, 2006b) (Figure 4B) or on generalized anxiety-like behavior as
assessed on the elevated plus maze (Figure 4C) in either stage of the cycle.

3.6 Cycle-specific levels of serine phosphorylation of the β3 subunit
Our data indicate that levels of serine phosphorylation of the GABAA receptor complex vary
with stage of the estrous cycle and that inhibition of PKC can abrogate the functional
differences in AAS modulation of GABAA receptor-mediated currents in the mPOA
between diestrous and estrous mice. PKC consensus sequences have been identified in the
α4, γ2 and in all three β subunits of the mammalian GABAA receptor (Abramian et al.,
2010; for review, Brandon et al., 2002; Jovanovic, 2006). To determine if cycle-specific
differences were evident in one of these recognized sites, immunoprecipitates from adult
females in diestrus, estrus and proestrus were assayed with a phospho-specific antibody
directed against serines 408 and 409 in the β3 subunit (Jovanovic et al., 2004). Western blots
with the pSer408/409-specific antibody were also performed for mPOA tissue isolated from
adolescent mice (Figure 1B), and these experiments were run with two different preparations
of this polyclonal antibody. As with assays for total phosphoserine, no differences in the
levels of pSer408/409 were apparent in mPOA tissue of adolescent male versus female
mice. In assays of cycling females, with either batch of the antibody, although the ratio was
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lower in estrus than in either diestrus or proestrus (Figure 1C), the differences were not
significant.

4. Discussion
Analysis of recombinant receptors has shown that the mechanisms by which the AAS elicit
allosteric modulation of the GABAA receptor are distinct from those of other well-studied
modulators of the receptor, including the positive neurosteroids and benzodiazepines (BZ)
acting at the high affinity BZ site (Yang et al., 2002; 2005; Jones et al., 2006). Moreover,
data from these heterologous expression systems has prompted intriguing, but untested
hypotheses that the phosphorylation state of the receptor may impart a significant effect on
the ability of the AAS to elicit this modulation (Yang et al., 2005). Despite the differences in
mechanisms by which they induce modulation, studies demonstrating that phosphorylation
state of the receptors alters the ability of positive neurosteroids to allosterically alter receptor
function (Brussaard et al., 1997; Fáncsik et al., 2000; Koksma et al., 2003) further support
the hypothesis that such post-translational changes may also have a significant impact on
modulation by the AAS. The data presented here not only affirm the hypothesis that the
phosphorylation state of the GABAA receptor complex regulates the ability of AAS to elicit
allosteric modulation, but go on to demonstrate that such differences have important
repercussions for AAS modulation of the function of GABAA receptors in native mPOA
neurons and of mPOA-mediated behavior.

4.1. Gonadal steroid-dependent changes in the phosphorylation state of the GABAA
receptor in the mammalian forebrain

Here we report that levels of serine phosphorylation of the GABAA receptor complex
immunoprecipitated with an antibody directed against the β2/β3 subunits were significantly
lower in estrus than in diestrus or proestrus. The cycle-specific differences in
phosphorylation were unlikely due to changes in subunit expression since none of the major
GABAA receptor subunit mRNAs showed a significant difference across the cycle. In
particular, given the importance of the δ subunit in the effects of positive neurosteroids at
the GABAA receptor, it is of interest to note that the mPOA expresses nearly negligible
levels of δ subunit mRNA and protein (Wisden et al., 1992; Pirker et al., 2000; Penatti et al.,
2009; the current study). In addition, consistent with results presented here, there is no
observed difference between estrus and diestrus in the levels of δ subunit mRNA in
identified gonadotropin releasing hormone neurons, which predominantly reside within the
mPOA, but where δ mRNA levels are marginally higher than in the mPOA as a whole
(Penatti et al., 2011). The virtual absence of δ subunit in the mPOA is unlikely to have an
impact on allosteric modulation by the AAS since 17α-MeT does not elicit modulation at
α2β3δ heterologous receptors (Yang et al., 2005). However, it will be of interest to
determine if there are important cycle-specific differences in phosphorylation and the
relationship of such differences to expression of the δ subunit in the hippocampus where
expression of this subunit has a marked impact on neurosteroid effects (for review, Mitchell
et al., 2008).

Assessment of the pattern of selective phosphorylation of serines 408/409 in the β3 subunit
mirrors that seen with immunoprecipitation of the receptor complex, but the differences
were not significant. These data suggest that while cycle-dependent changes may include the
β3 subunit, they also likely include serine residues expressed in other subunits of the
receptor (which are of comparable size to β3) or potentially even associated proteins of the
receptor complex. Additionally, electrophysiological data (Figure 3, Table 2 and vide infra)
indicate that PKC plays a significant role in this phenomenon. Thus, while we have not
identified all of the residues in the receptor complex that may contribute to the cycle-
dependent differences in levels of serine phosphorylation, our data are consistent with a
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mechanism in which the extent of PKC-dependent phosphorylation of the GABAA receptor
complex in the mPOA is regulated by the changes in the endogenous steroid milieu that
occur across the cycle.

The activity of PKC in the mPOA (Ansonoff and Etgen, 1998) and in other regions of the
mammalian brain (Drouva et al., 1990; Joubert-Bression et al., 1990; Lachowicz and Rebas,
2002) has been shown to increase with rising concentrations of E2. Estrogen levels are
higher in diestrus than in estrus (Freeman, 1994), and thus our data demonstrating
augmented levels of serine phosphorylation of the GABAA receptor complex in diestrus
versus estrus are consistent with an important role for E2-stimulated increases in PKC
activity in this process. Clearly the interplay between estrogens and progestins and kinase
activity within the hypothalamus and mPOA is multifaceted and complex: PKC influences a
number of key neurophysiological targets beyond the GABAA receptor in these cells (Kelly
et al., 2002), and estrogens regulate the activity of other kinases within the hypothalamus/
mPOA that have the ability to phosphorylate the GABAA receptor (Gonzáles-Flores et al.,
2010).

4.2 Implications of changes in phosphorylation of GABAA receptors across the estrous
cycle

Previous studies have shown that the sensitivity of GABAA receptors to allosteric
modulation varies across the estrous cycle, although results across studies are not consistent.
Specifically, in neurons of the mouse mPOA, potentiation of peak mIPSCs is elicited by the
endogenous androgenic neurosteroid, 3α-diol, at all three stages of the estrous cycle, with
the potentiation being greater in diestrus than in estrus (Jorge et al., 2002). Here, we show
that the potentiation of GABAA receptor-mediated mIPSCs and sIPSCs elicited by 17α-
MeT is also greater in diestrus than in estrus. In contrast to the previous study, however,
while the potentiation of sIPSCs by 3α-diol observed here was greater in diestrus than in
estrus, the difference was not significant. This variation between the two studies may arise
from differences in measurements made (mIPSCs in Jorge et al., 2002 vs. sIPSCs in the
current study) or other unknown variables that may exist between studies done a decade
apart.

With respect to allosteric potentiation by non-androgenic modulators, greater
allopregnanolone-mediated potentiation was also observed for 35S-TBPS binding to
GABAA receptors in diestrus than in estrus in multiple forebrain regions in washed tissue in
which endogenous neurosteroids were presumably removed, suggesting an inherent cycle-
dependent change in receptor sensitivity. Interestingly, the opposite pattern (estrus greater
than diestrus) was observed in unwashed tissue, indicating that fluctuations in endogenous
steroids must also be considered when assessing the overall cycle-specificity of the
receptor’s response (Finn and Gee, 1993). Barbiturate-dependent potentiation of muscimol-
induced depolarization of rat cuneate neurons was also found to vary over the course of the
estrous cycle, but here the potentiation was highest in estrus, and lower in proestrus and
diestrus. The sensitivity of these neurons to a BZ was independent of cycle stage
(Westerling et al., 1991), although a significant diminution in the extent of modulation by
BZs was observed in ovariectomized animals in comparison to gonadally-intact animals in
estrus (Westering et al., 1993) or proestrus (Bitran et al., 1991) suggesting that the
endogenous steroid milieu imposes significant effects on the extent of BZ modulation of the
receptor.

While outside the scope of the current study, cyclical changes in GABAA receptor activity
arising from the actions of both estrogens and progestins have been strongly implicated in
the enhanced seizure activity that characterizes catamenial epilepsy. As discussed earlier
(Introduction), these changes have been largely attributed to cycle-dependent differences in

Oberlander et al. Page 11

Neuroscience. Author manuscript; available in PMC 2013 December 13.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



receptor subunit expression (for review, Reddy, 2012). However, results presented here on
estrous cycle-dependent differences in GABAA receptor phosphorylation, when taken in
conjunction with prior studies illustrating the impact of receptor phosphorylation on
potentiation elicited by endogenous steroid modulators (Brussaard et al., 1997; Fáncsik et
al., 2000; Harney et al., 2003; Koksma et al., 2003; Vergnano et al., 2007 Kia et al., 2011),
suggest that such posttranslational modifications could also have an important role in
changes in seizure activity that characterize catamenial epilepsy. Moreover, differences in
receptor function arising from cycle-dependent changes in phosphorylation may be
dramatically amplified by the known role of phosphorylation on the rapid trafficking of
GABAA receptors in neuronal tissue (for review, Jacob et al., 2008; Vithlani and Moss,
2010; Vithlani et al., 2011) and its effects on pathological electrical activity (Terunuma et
al., 2008).

With respect to trafficking, we note that changes in whole-cell GABA-evoked current can be
elicited within minutes by compounds that alter phosphorylation due to changes in receptor
trafficking (Kanematsu et al., 2006). In our study, the amplitudes of neither sIPSCs (p =
0.24) nor mIPSCs (p = 0.44) were significantly different in mPOA neurons of diestrous
versus estrous mice, even following washout of 17α-MeT, suggesting that the enhanced
amplitude elicited by acute 17α-MeT modulation is likely to reflect a phosphorylation-
dependent difference in state transitions of the receptor rather than receptor trafficking. This
conclusion would also be consistent with the interpretation of results found with ultrafast
perfusion techniques (Yang et al., 2005). We also note that GABA receptors are unlikely to
be saturated at mPOA synapses (for discussion, Nett et al., 1999; Jorge et al., 2002), and we
did not determine if cycle-dependent differences in phosphorylation may have led to
changes in receptor occupancy that, in turn, altered the modulation elicited by these
androgenic steroids (although see Colquhoun 1998 for pitfalls in simple interpretations of
differences in binding vs. gating).

4.3 The behavioral consequences of altered neurotransmission in the mPOA by AAS
The mPOA is a core structure at the intersection of neural circuits that regulate many critical
behaviors related to homeostasis, sexual and parental behaviors, motivation, anxiety, and
arousal. We chose to examine the outcomes of an acute, but systemic, exposure to 17α-MeT
on thermogenesis as reflected in nest building: a naturalistic, but restrictive, behavior where
the impact of influencing GABAergic activity in the mPOA might be more easily parsed
than for the social behaviors whose expression involves more expansive neural circuits.

The mPOA is necessary for the expression of thermoregulatory behavior, and GABAA
receptor-mediated transmission within the mPOA promotes thermogenesis under conditions
of ambient cold (Ishiwata et al., 2005). Standard room temperatures are cold in comparison
to the optimal temperature set points for mice in the wild and thus promote nest-building
(Gaskill et al., 2010). Mice will “titrate” the amount of nestlet material used with changes in
temperature (Deacon, 2006b; Gaskill et al., 2010), and lesions of this structure abolish nest-
building behavior (Jacobson et al., 1980). As enhanced GABAergic transmission results in
increased thermogenesis, we predicted that manipulations that augmented GABAergic
transmission in the mPOA would diminish nest building. We found that acute exposure to
AAS diminished nest building in diestrus, the cycle stage during which AAS augmented
GABAA receptor-mediated currents in the mPOA, but was without effect on this behavior in
estrus when there was no AAS-mediated potentiation of these currents. Thus these data are
consistent with the hypothesis that cycle-specific differences in the phosphorylation state of
the receptor regulate the ability of the AAS to augment GABAergic currents in this brain
region and are reflected in a concomitant change in an mPOA-mediated behavior.
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Acute exposure to 17α-MeT had no significant effect on a measure of defensive anxiety
(marble burying) at either stage of the cycle, nor did acute exposure to this AAS promote a
change in generalized anxiety in female mice across the cycle, as assessed on the elevated
plus maze. The absence of a significant action of an acute injection of 17α-MeT on
measures of anxiety is consistent with a previous study demonstrating a lack of effect in
diestrous mice of an acute exposure to a mixture of three AAS on generalized anxiety-like
behaviors, as measured on the elevated plus maze and the acoustic startle response
(Oberlander and Henderson, 2012a). These data indicate that the effect of 17α-MeT in
diestrus on nest building is unlikely to reflect a change in anxiety (see Gaskill et al., 2010) or
a general change in locomotor responses.

4.4 Significance of acute AAS actions to human subjects
Humans self-administer AAS for protracted periods of time. To best mimic these conditions,
the preponderance of studies designed to assess mechanistic actions of the AAS in the
central nervous system (CNS) have employed animal models in which rodents have also
been chronically exposed to these synthetic steroids. When given chronically, the AAS
promote significant long-term effects in the CNS through many different mechanisms that
involve long-term regulation of gene expression through classical nuclear hormone-
mediated pathways, changes in the expression and the activity of enzymes that regulate
steroid synthesis and metabolism, and secondary effects that arise from changes in
peripheral steroid production (for review, Clark and Henderson, 2003; Clark et al., 2006;
Oberlander et al., 2012a,b). Within this complex environment in these chronic use models, it
is difficult to isolate actions that may arise from effects of allosteric modulation of GABAA
receptors. Moreover, in many animal studies, AAS are given at concentrations to mimic
high human dose regimes, which suppress estrous cyclicity (Blasberg et al., 1997; Clark et
al., 1998, 2003; Penatti et al., 2009, 2011; Oberlander and Henderson, 2012a), thus negating
the ability to discern any interactions of AAS on neural substrates across the cycle. Such
effects may be evident under the conditions of more moderate AAS administration that
likely characterize most female users (Elliot and Goldberg, 2000). Despite these
uncertainties, our data suggest some provocative points of experimental pursuit. In
particular, it will be interesting to determine if differential modulation of GABAA receptors
across the cycle or with other environmental inputs that alter the phosphorylation state of the
receptor contribute to changes in social behaviors, including the complex effects on libido
that have been reported in females that illicitly use AAS (Franke and Berendonk, 1997), in
those for whom AAS are prescribed as part of hormone-replacement therapy (Warnock et
al., 2005; Elliot and Goldberg, 2000) and in transsexual genetic females (Elliot and
Goldberg, 2000).

5. Conclusion
Our data demonstrate that there are significant differences in the extent of serine
phosphorylation of the GABAA receptor complex across the estrous cycle in the mPOA, a
key node in social behaviors and homeostatic regulation. The extent of phosphorylation
correlates with the sensitivity of GABAA receptor-mediated synaptic currents in this region
to allosteric modulation by the AAS, 17α-MeT, and inhibition of PKC abrogates the cycle-
specific difference in this modulation. Analysis of a naturalistic behavior that is dependent
upon GABAergic transmission in the mPOA illustrated that the ability of acute exposure to
17α-MeT to enhance this behavior occurred only during the stage of the estrous cycle when
levels of phosphorylation and AAS modulation of GABAergic currents in the mPOA were
high.
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Abbreviations

17α-MeT 17α-methyltestosterone

3α-diol 5α-androstane-3α,17β-diol

AAS anabolic androgenic steroids

E2 17β-estradiol

mPOA medial preoptic area

mIPSC miniature inhibitory postsynaptic current

PN postnatal

PKC protein kinase C

sIPSC spontaneous inhibitory postsynaptic current
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Highlights

• GABAA receptor phosphorylation was higher in diestrus/proestrus than in estrus

• AAS elicited rapid enhancement of synaptic currents in diestrus, but not in
estrus

• Effects of AAS in diestrus were blocked by PKC inhibition

• Levels of GABAA receptor subunit mRNAs did not vary across the estrous
cycle

• Single AAS injections impaired an mPOA-mediated behavior in diestrus, but
not in estrus
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Figure 1. Changes in GABAA receptors across the estrous cycle
(A) Top: representative Western blot illustrating signals corresponding to phosphoserine
(pSer) in tissue harvested from individual animals in diestrus (D), proestrus (P) and estrus
(E). Lysates were immunoprecipitated with a monoclonal antibody directed against the β2/
β3 subunits of the GABAA receptor prior to electrophoresis and Western blotting. Bottom:
Following incubation with antibody directed against pSer, the blot was stripped and re-
probed with the antibody directed against β3. (B) Top: representative Western blot
illustrating the signal for phosphoserine408/409 in the β3 subunit (pβ3) and the β3 subunit
(β3) (Bottom) in mPOA tissue harvested from adolescent male (M) and female (F) mice. All
signals corresponded to a molecular weight of 58 kDa. (C) Averaged data from female mice
in diestrus (n = 7), proestrus (n = 7) and estrus (n = 9) corresponding to the signal for pSer
normalized to that of β3. (D) Averaged data from female mice in diestrus (n = 9), proestrus
(n = 10) and estrus (n = 11) corresponding to the signal for pβ3 normalized to that of β3.
Assessment with the antibody was also made for a second group of animals (7 in diestrus, 7
in proestrus, and 9 in estrus) with a different lot of this antibody with comparable results
(data not shown). (E) Levels of GABAA receptor subunit mRNAs in the mPOA. Data are
presented as the 2−ΔCT values, which indicate the average levels of subunit mRNAs relative
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to 18S in tissue from diestrous (n = 9), proestrous (n = 10) and estrous (n = 10) mice. P
values were: α1: 0.28; α2: 0.37; α5: 0.23; β1: 0.46; β2: 0.37; β3: 0.52; γ1: 0.36; γ2: 0.41; δ:
0.93; ε: 0.17.
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Figure 2. Allosteric modulation by AAS of GABAA receptor-mediate synaptic responses in the
mPOA in diestrus and estrus
Representative (A) sIPSCs and (B) mIPSCs from a single mPOA neuron of a diestrus mouse
illustrating reversible potentiation of the peak current by acute application of 1 μM 17α-
MeT. Data illustrating effect on peak currents for (C) sIPSCs (n = 15) and (D) mIPSCs (n =
10) in individual mPOA neurons from diestrus females with addition of 1 μM 17α-MeT to
the bath. Representative (E) sIPSCs and (F) mIPSCs from a single mPOA neuron of an
estrus female illustrating no effect of acute application of 1 μM 17α-MeT. Data illustrating
effect on peak currents for (G) sIPSCs (n = 10) and (H) mIPSCs (n = 9) in individual mPOA
neurons from estrous females with addition of 1 μM 17α-MeT to the bath.
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Figure 3. Effect of PKC inhibition on
allosteric modulation by AAS of GABAA receptor-mediate synaptic responses in the mPOA
in the diestrous mouse.
(A) Representative sIPSCs from a single mPOA neuron of a diestrous mouse illustrating the
absence of an effect of acute application of 1 μM 17α-MeT when 200nM was present in the
pipette solution. (B) Data illustrating effect on peak currents for sIPSCs in individual mPOA
neurons from diestrous mice with addition of 1 μM 17α-MeT to the bath and 200 nM
calphostin intracellularly. (C) Average peak current amplitudes for mIPSCs in mPOA
neurons of diestrous mice prior to (Control), during (17α-MeT), and following (Wash)
exposure to 1 μM 17α-MeT (n = 15).
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Figure 4. Effects of acute systemic exposure to 17α-MeT on behaviors mediated by neural
circuits that include the mPOA
(A) Average data of nest scores and remaining nestlet material (see Section 2.5.1) for
diestrous (n = 7 for each cycle stage) and estrous (n = 7 for each cycle stage) mice given a
single injection of either oil or 7.5 mg/kg 17α-MeT. (B) Average marble burying scores
assess during a 30 min period 30 min following an acute injection of oil or 17α-MeT in
diestrus (n = 8 for each cycle stage) and estrus (n = 6 for each cycle stage) mice. (C)
Number of entries into the open and closed arms, as well at total number of entries (left) and
fraction of total time in the open, closed and center parts of the elevated plus maze for adult
female mice (unstaged) assessed during a 5 min period 30 min following injection of oil (n =
20) or 17α-MeT (n = 20). In (A), * indicates p < 0.04.
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Table 2

Change in GABAA receptor-mediated sIPSC amplitude following acute addition of steroid

A. Percent increase in sIPSC amplitude following acute addition of steroid

17α-MeT 3α-diol

Diestrus ***10.6 ± 1.7 (15) ***14.4 ± 3.2 (7)

Estrus 2.7 ± 3.5 (12) **10.8 ± 2.6 (8)

***p < 0.001; **p < 0.01

B. Percent increase in sIPSC amplitude following acute addition of steroid in the presence of 20 or 200 nM of the PKC inhibitor,
calphostin

17α-MeT 3α-diol

Diestrus Diestrus Estrus

20 nM *14.9 ± 6.1 (6) 3.5 ± 2.3 (5) 4.2 ± 1.7 (4)

200 nM 1.4 ± 1.0 (15) −3.4 ± 4.0 (7) −0.2 ± 4.5 (5)

*p< 0.05

Measurements were made of the [amplitude (no steroid) − amplitude (steroid)) × 100] −100 to assess the percent change in sIPSC amplitude
elicited in an individual cell by addition of steroid. Values represent means ± sem and numbers in parentheses indicate numbers of cells per
condition. Asterisks indicate values in the presence of the steroid that were significantly different from control.
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